The concept of an equivalent depth of the atmospheric boundary layer is discussed in the framework of vertically integrated boundary layer equations. A method is presented by which these depths may be computed from sea level pressure analyses and ocean surface wind speed measurements. An explicit representation that yields a realistic value for the equivalent depth from the equator to the pole is given in terms of these parameters. For this study, the equivalent depths were calculated from 3 days of altimeter wind speed data taken from Seasat. This study shows that over the mid-latitude and polar regions and in the range of surface wind speeds between 5 m/s and 15 m/s, the equivalent depths are calculated to be about 700-800 m, comparable to the heights of the atmospheric boundary layer; in the polar region, both scale heights are also quite comparable in values, ranging between 200 and 600 m; over the tropics, however, the conventional scale heights, as is well known, are unreasonably large, whereas the calculated equivalent depths are quite realistic and well defined. It is therefore concluded that the method presented in this study may be used to infer heights of the atmospheric boundary layer over the global oceans. In addition, the calculated equivalent depths together with the measured surface wind speeds provide an estimate of the spin up time for the boundary layer flows. During the 3-day period, the spin up times are found to vary between 4.5 hours in the polar regions to about 39.4 hours in the m•d-iat•tudes.
INTRODUCTION
In a previous study, Yu [1987] proposed a technique to deduce wind directions from the Seasat altimeter and scatterometer wind speed measurements. This technique is based on simple vertically integrated Ekman boundary layer dynamics and uses the sea level pressure analyses together with satellitemeasured wind speeds. Implied in this technique is a parameter, hereinafter referred to as "equivalent depth of the atmospheric boundary layer,"/•. The equivalent depth is defined as • = Ioh A dz/A o, where h is the height of the atmospheric boundary layer above which the effect of the surface stress become.q negligible and A o referq to the surface value of the quantity A. Thus the equivalent depth is a characteristic length scale which together with the surface value of any quantity A enables one to estimate the integral value of that quantity within the atmospheric boundary layer.
For numerical modeling of atmospheric boundary layer flows, the equivalent depth of the boundary layer is an important scaling parameter in determining the momentum flux F across the air-sea or air-land interface. Customarily, F is represented by either a bulk aerodynamic drag law, i.e., F = poCo IV I v, or a linear Rayleigh friction formulation, i.e., F = poRV, where V is the surface wind vector, C o is the surface drag coefficient, Po is air density, and R is the coefficient of Rayleigh friction. In either case, in the framework of vertically integrated boundary layer equations, the net dissipative body force acting on the atmospheric boundary layer due to momentum fluxes across its bottom is the quantity F scaled by some depth representing the thickness of the layer [e.g., Bannon, 1979] . In an oceanic context, the depth values used to scale the momentum fluxes at the top and bottom of an oceanic column are usually taken as either the entire depth of the column or the depth of the upper ocean layer above the thermocline. In the atmospheric context, the scale value conThis paper is not subject to U.S. copyright. Published in 1988 by the American Geophysical Union.
Paper number 8C0065. ventionally used for the height of atmospheric boundary layer is h -bu,/•f(see, for example, Blackadar and Tennekes [1968]), where u, is the surface friction velocity and f is the Coriolis
parameter. The value of the numerical constant b varies according to atmospheric stability' typically b-0.25 during neutral stability conditions. This depth scale is perhaps reasonable for studies of middle and higher latitudes, but it certainly becomes unreasonably large and hence not valid for low latitudes where the boundary layer has a finite depth defined typically by the top of the inversion layer. Moreover, if one applies a vertically integrated atmospheric boundary layer system to study the balance of wind and mass fields right above the ocean surface [Yu, 1987- 1, the surface momentum flux parameterized by the quantity F should be scaled by the equivalent depth of the layer and not by some predetermined depth of the boundary layer as the h defined above. Therefore under a given synoptic wind condition, the behavior of the bulk boundary layer dynamics depends on an internal parameter, namely, an effective surface drag coefficient, •D = CD/l•, which is the ratio of the surface drag coefficient and some scale depth representing the characteristics of the layer. One would expect that in the real atmosphere there is some intrinsic depth scale which would make this internal parameter remain well defined throughout the entire range of latitudes. The method discussed in this study will permit one to calculate the values of •uch a depth scale from a given set of wind speed measurements and sea level pressure analyses and will help in establishing the variability in the depths of the atmospheric boundary layer under various geophysical conditions.
There have been many studies to determine the drag coefficient as a function of wind speed and atmospheric stability (see, for example, Charnock [1955] and Wu [1969] This study presents a method for determining the equivalent depths of the atmospheric boundary layer over the oceans. The method may be equally applicable over land. Section 2 discusses the computational procedure which may apply to all sources of wind speed data including reports from ships and buoys over the oceans and surface reports over land. For this study we shall deal exclusively with the spaceborne wind speed measurements. Section 3 presents results calculated by using 3 days of altimeter wind speed data taken from Seasat. From (6), one can uniquely determine the effective surface drag coefficient from given pressure gradient and wind speed measurements and does not require any a priori specification of the surface drag coefficient. From (6), one can write Equation (7) establishes a relationship between the equivalent depth of the boundary layer and wind speed, the surface pressure gradient, and a chosen value of the surface drag coefficient. Therefore if we know the pressure gradient from any conventional meteorological analysis and the wind speed from conventional or spaceborne measurements, we can compute the equivalent depth from (7) once a value of surface drag coefficient is specified. Moreover, it is seen from (7) that the equivalent depth of the boundary layer is well defined at the equator wheref = 0, and there equation (7) becomes An important point to note in connection with (7) 
It is dear that the spin up time of the boundary layer to an imposed surface pressure gradient may be estimated if one knows the effective surface drag coefficient as given in (6). The damping time is directly proportional to the equivalent depth and inversely proportional to the magnitude of the surface wind speed. That is, the shallower the equivalent depth or the larger the surface wind speed, the less time it takes for an equilibrium state to be established. This is consistent with the results of Shaeffer and Doswell [1980] . By applying Ekman dynamics over land, and using a so called "antitriptic balance" approach, they argued that near the surface contact layer (of the order of 100-m depth), the large damping of the transient effect leads to a rapid establishment of the steady state Ekman solution.
From (7) we see that in order to compute the equivalent depth, one needs to specify the surface drag coefficient. Garrat In this study we shall adapt this formulation for surface drag coefficient over the oceans. On the basis of (7) and (12), we see that if the surface drag coefficient is a linear function of surface wind speed, the equivalent depth is proportional to the cubic power of wind speed at low latitudes. In higher latitudes it depends on the square of the wind speed and the ageostrophic contribution of the wind fields.
In general, equivalent depths and heights of the marine boundary layer are not equal, as can easily be seen from (3). Since the ageostrophic contribution due to surface friction is largest near the surface, one should, from (7), expect equivalent depths to be smaller than heights of the boundary layer. The only exception is under purely barotropic and convectively well-mixed conditions where the stress profile is linear and the equivalent depths should be the same as heights of the marine boundary layer. Over the oceans, where typically there exists a well-mixed layer capped by an inversion, one might expect the equivalent depth to be nearly the same as the height of the mixed layer. It should be pointed out that in deriving (7) we neglect the effect due to advection and to local (time) changes in the momentum balance. Both of these will undoubtedly affect values of the equivalent depths. On the other hand, the height of boundary layer, h, defined in our study to be the height at which turbulent stress vanishes, is not necessarily influenced by these effects.
As 
RESULTS FROM SEASAT WIND SPEED

MEASUREMENTS
We shall apply (6), (7), (11), (12), and (13) discussed in the previous section to compute the values of the effective surface drag coefficient, the equivalent depth, the spin up time, the surface drag coefficient, and the height of the atmospheric boundary layer. For this study, wind speeds were taken from the altimeter wind speed measurements from Seasat, and the corresponding surface pressure gradients from the National Meteorological Center (NMC) analyses. These 3 days of altimeter data from SEASAT are identical to those used in a previous study of vector retrievals from the altimeter wind speeds reported by Yu [1987] . Further, the altimeter wind speed measurements from the satellite were taken at all points along the satellite tracks that fall within 1.5 hours before and after the surface pressure analysis time. On the average, the altimeter measures ocean surface winds every second or so, which can in principle result in a maximum of nearly 10,000 data points for a 3-hour window. Since the computational procedure laid out in equations (6), (7), and (11) depends on the use of NMC sea level pressure fields which are analyzed on a 2.5 c by 2.5 ø longitude-latitude grid, in this study we also applied an averaging procedure as discussed by Yu [1987] to obtain the satellite altimeter wind speeds on the same grid. The averaging procedure is such that the weighting of each data point is inversely proportional to the distance between the data and the grid point to which the average will be assigned. Typically about 40 data points are used to generate an average grid point value. The total number of altimeter data after the averaging is about 300 for the Seasat period (N = 276 for September 17, N = 279 for September 18, and N = 317 for September 19, 1978) during the 3-hour window.
Following the previous discussions, we see that equivalent depths and effective surface drag coefficients are functions of three variables, that is, surface pressure gradient, wind speed, and latitude. Since the surface wind speed is somewhat correlated with the surface pressure gradient, we shall group the results into two independent categories, namely, latitude 4• and surface wind speed S. Further, we shall classify the wind speed into two ranges' light wind speed range for S < 5 m/s and medium wind speed range for 15 m/s > S > 5 m/s. During the 3-day periods, there were only a few observations with wind speeds greater than 15 m/s, and these were ignored. Similarly, we shall classify the latitudinal dependency into three regions' polar for 14•1 > 6 0ø, mid-latitude for 60ø >l•l> 20ø, and tropical for I•l< 20ø. From Table 1 , one can see that during the 3-day period, the wind speeds do not show a large variation within the two speed ranges. The mean Seasat altimeter wind speed for the light wind speed range is about 2 m/s in the polar region, and about 3-4 m/s in the mid-latitudes and tropics; for the medium wind speed range, the means are about 8-9 m/s from the polar region to the tropics. On the other hand, for each wind speed range, the analyzed NMC sea surface pressure gradients are much larger in the polar region than they are at the tropics. Further, the standard errors (the bracketed values in Table 1) Table 1 In light of the results discussed above, it would certainly suggest that the method presented in this study enables one to infer the height of the atmospheric boundary layer over the oceans. The method depends on two important meteorological parameters, namely, surface wind speed and pressure fields. As was stated earlier, the surface pressure field is an integral of the mass through the depth of an atmospheric column and is not influenced by the details of the boundary layer physics. Hence the surface pressure field is probably the most reliable analysis field available on a global basis. Similarly, the surface wind speed field can be expected to have reasonably good accuracies from the remotely sensed scatterometry and altimetry measurements [Jones et al., 1982; Fedor and Brown, 1982] . The conventional boundary layer height formulation, on the other hand, is typically represented by the ratio of surface friction velocity and Coriolis parameter as is used in (13), which becomes undefined near the equator in the tropics. For this study, the surface friction velocities are estimated directly from the altimeter wind speeds and the surface drag coefficient formulation in (12). In general, however, the surface friction velocity is not a directly measured quantity but may be derived by the use of wind profile data and the MoninObukhov surface layer similarity theory [e.g., Busin•7er et al., 1971]. The surface friction velocity thus derived tends to be not as dependable as the surface wind speed itself. Moreover, the numerical constant, b --0.25, used in equation (13) is not a universal constant. For these reasons, the method proposed in this study which requires surface pressure field in addition to the surface wind speed field may be more useful and dependable. The main advantage of using this method is that at the equator the equivalent depths are well defined, and the values in the tropics in general are about 650-900 m in the wind speed between 5 m/s and 15 m/s (Table 1) . These values are quite realistic over the tropical oceans where the height of the boundary layer should be expected to correspond to approximately the top of lifting condensation level or where the cloud base should correspond to the top of the tropical atmospheric mixed layer. This is consistent with the results reported by Betts [1976] , which based on the BOMEX tropical data show that the top of the mixed layer occurred at a height of between 500 and 1500 m. On the other hand, the use of (13) for the boundary layer depths leads to unacceptable values, which can be as large as about 2500 m.
Once the effective surface drag coefficients are calculated, one can estimate the Ekman spin up (or e-folding) time if we know the mean wind speed as discussed in (11). However, since the mean wind speeds are not available, the observed altimeter wind speeds are used to calculate the e-folding time in this study. The e-folding times thus estimated are found to have a large variability, varying between a minimum of 4.5 hours in the polar region to a maximum of 39.4 hours in the mid-latitude oceans. Further, the relatively large standard errors associated with the means suggest larger uncertainties in the estimates of the spin up times, especially in the light wind category. As expected, the spin up times are much larger when the surface wind speeds are less than 5 m/s, reaching as large as 40 hours. In the wind speed range of 5 m/s to 15 m/s, the spin up times are less than 20 hours in general; further, the spin up times are smaller in the polar region than they are in other latitudes. This indicates that under the same synoptic forcing of surface pressure fields in the medium wind speed range, steady state Ekman boundary layer flows are more rapidly established in the higher latitudes than they are in the tropics and mid-latitudes.
SUMMARY
This study discusses a method by which the equivalent depths of the atmospheric boundary layer may be computed from sea level pressure analyses and ocean surface wind speed measurements. An explicit representation for the equivalent depth has been given in terms of the sea level pressure gradient, wind speed, and surface drag coefficient. The equivalent depths were calculated from a 3-day period of altimeter wind speed data taken from Seasat. For comparison, a conventional scale height formula is used to calculate the heights of the atmospheric boundary layer. This study shows that over the mid-latitudes and in the range of wind speeds between 5 m/s and 15 m/s, the equivalent depths, calculated to vary between 700 and 800 m, are found to be quite comparable to the heights of the atmospheric boundary layer which are calculated to vary between 800 and 900 m. When the surface wind speeds decrease to less than 5 m/s, both the equivalent depths and the atmospheric boundary layer decrease to about 300-500 m in the mid-latitudes. In the polar region, both scale heights are found to be smaller and quite comparable in values, ranging between 200 and 600 m. In the tropics, however, use of the conventional scale height for the atmospheric boundary layer gives unreasonably large values, whereas the equivalent depths are calculated to be about 600-1000 m.
These values compare favorably with the observed heights of the atmospheric mixed layer over the tropical oceans. It is therefore concluded that the method presented in this study may be used to infer heights of the atmospheric boundary layer over the global oceans. The method should be particularly useful for initialization of atmospheric mixed layer and trade wind models. Further, based on the measured altimeter wind speed data, the spin up times for the boundary layer flows are found to be shorter in the polar regions than they are in the mid-latitudes and the tropics in the surface wind speed range of 5 m/s to 15 m/s. This indicates that steady state Ekman boundary layer flows can be more rapidly established in the polar region than they are in the lower latitudes. 
